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STUDY OF V-CENTRES STABLE AT ROOM 
TEMPERATURE IN NaCI(Ca) CRYSTALS* 

By 
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Following X-irradiation of OH-free NaCI(Ca) crystals at room temperature, the authors 
observed new absorption bands at 360, 336 and 193 nm wavelengths, in addition to the V 2 
b~nd appearing in pure crystals at 223 nm. These new bands were assigned to V F, V M and 
V~ centres, respectively. 

The M superscript refers to the presenee of the divalent metal impurity, thus distin- 
guishing the centres from similar centres in the pure crystal. In the case of X-irradiation at 
--80~ a new band was observed at 330 nm shown to be d-e to V M centres. The models of the 
appearing centres ate well-known, except in the case of V~ centres for which the authors pro- 
pose a model. 

I. Introduction 

In  previous papers we invest igated the  V-type centres created b y  

X-ir radia t ion in the KCI(Ca) sys tem and their  conversion [1, 2]. The results 
obtained in this sys tem were compara t ive ly  simple and clear-cut  since here 

only ¢ V-type centre which can be considered stable appears at RT, i.e. 

the V~ centre created by  the association of V~ centres. Bu t  in the case o f  
NaCI(Ca), also according to our previous investigations,  we ate confronted 

with a more complicated si tuation.  We had shown e.g. the appearance of  VF 

centres stable at  RT [3], and the NaCI(Ca) system also exhibits a different 
behaviour  concerning ionic conduct ion,  since its conduct iv i ty ,  con t ra ry  t o  

t h e  KCI(Ca) system, is decreased b y  i rradiat ion [4]. 
The paper  gives fur ther  da ta  concerning the V-type centres stable a t  

RT appearing in the OH-free NaCI(Ca) system. 

II. Experimental method 

The crystals  were grown free f rom OH b y  a method  which we developed 

[5] f rom s tar t ing  material  purified in our l abora tory  [6]. 0.1 Mole~ CaC12 
was added to the melt ;  then to reduce the concentra t ion of o ther  impurities 
it was zone-refined several times. Dur ing zone-melt ing the  Ca coneent ra t ion  

* Dedicated  to Prof.  P. GOMB~S on bis 60th b i r thday .  
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did no t  change considerably since the dis t r ibut ion coefficient of Ca in NaC1 is 
approx ima te ly  1. At  the  f inal  zone-melt ing a single crystal  was grown a t a  
speed of 3 mm/hour .  In  our  exper iments  we have  used the lower 2/3 pa r t  of 
the  cylindrical  crys ta l  block of 200 mm length and 40 mm diameter .  In  the 
middle of the pa r t  used the  Ca concentra t ion ,  de te rmined  af terwards,  was 
found to  be 8 • 10 -4 Mole/Mole. 

In  some of our  exper iments  the OH-free  crystals  were submi t t ed  to 
subsequent  annealing, consisting of keeping t h em  in a furnace at  350~ in 
air for  ~--10 min, then  cooling to RT in a few minutes .  

We carried out  exper iments  o n  crystals  air-grown by  the Kyropoulos  
me thod  f rom reagent  grade mater ia l  some months  earlier. In  these cases the  
subsequent ly  de termined  Ca concent ra t ion  was 3 • 10 -3 Mole/Mole. 

The  specimens for absorpt ion  measurements  were cleaved to h a r ›  a 
surface of 10 X 20 mm 2 a n d a  thickness of 0 .4- -5 .0  mm. The measurements  
were made  with a UNICAM SP- -700  spec t rophotomete r ,  placing a meta l  
c ryos t a t  in one of its l ightbeams when necessary.  X- i r radia t ion  was carried 
out  with a T H X - - 2 5 0  deep the rapy  appara tus  at  200 kV, 20 mA using a 3.5 mm 
Al fi l ter .  In  these condit ions the dose rate  was about  2500 R/min. The focussed 
l ight  of  a tungs ten  lamp was used (0.1 W/cm 2) to i l luminate the crystals.  

I I I .  Exper imental  results 

I I I .  1. In  Figs. 1 and 2 the absorpt ion spectra  of NaCI(Ca) crystals  
grown OH-free and X- i r rad ia ted  at  1RT are shown for increasing doses. F ro m  
the difference-curves the  following facts can be established. In  the  beginning 
of colourat ion ( i rradiat ion t ime less t han  ~ 1 ruin, Fig. 1) a well-defined maxi-  
mum in the UV region appears  only at  336 nm growing near ly  p ropor t iona l ly  
with the  F band.  Wi th  increasing dose the m a x i m u m  at 336 nm approaches  
sa tu ra t ion  and a new band  with a m a x i m u m  at  193 nm begins to develop 
(curves b a n d c  of Fig. 2). The  193 nm band  lies near  to the limit of the measur-  
ing range of the SP- -700 .  Therefore ,  its positiorL was de te rmined  with a 
va c uum  monochroma to r  as well. In  Fig. 3 ir can be seen t h a t  the  193 nm 
band  is superposed on the  tail  of  the s teeply rising ~ band.  

I I I .  2. Curve a of Fig. 4 shows the absorpt ion  spec t rum of a crys ta l  X- 
i r radia ted  at  RT, exhibi t ing the  336 and 193 nm bands in the UV region. 
Curve b was obta ined af ter  warming the crysta l  to 80~ Under  the  effect of 
the  few minutes warming the F '  band  disappears as expected  a n d a  slight 
decrease of the F band  takes place. In  the  course of this process the  336 nm 
band  becomes decomposed and the 193 nm band  inereases. Afterwards ,  the 
c rys ta l  was i l luminated with white l ight and its absorpt ion spec t rum taken  
af ter  i l luminat ion is shown by  curve c. The changes in the F band  can be 
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Fig. 1. Absorption spectra of OH-free NaCl(Ca). X-irradiation and measurement at RT. 
Irradiation times: a) 10 sec b) 30 sec c) 60 sec d) 150 sec 
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Fig. 2. Absorption spectra of OH-free iNaCl(Ca). X-irradiation and measurement at RT" 
Irradiation times: a) 2 ruin b) 5 ruin c) 10 ruin 

e x p l a i n e d  b y  b l e a c h i n g  a n d  b y  F ~ Z 1 c o n v e r s i o n .  F u r t h e r ,  t h e  i l l u m i n a t i o n  

causes  a d e c r e a s e  in  t h e  193 n m  b a n d  a n d  ah  i n c r e a s e  in  t h e  336 n m  b a n d .  

I I I .  3. C u r v e  a of  F ig .  5 was  o b t a i n e d  on  a c r y s t a l  g r o w n  O H - f r e e  a n d  

X - i r r a d i a t e d  a t  - - 8 0  ~ (30 ruin).  B e s i d e  t h e  F b a n d  ( a n d  F ' )  a w e l l - e x p r e s s e d  

m a x i m u m  c a n  b e  seen  o n l y  a t  333 nm.  W a r m i n g  to  R T  c h a n g e s  t h e  s p e c t r u m .  

C u r v e  b was  o b t a i n e d  a f t e r  w a r m i n g  for  a few m i n u t e s  a n d  c u r v e  c a f t e r  40 

m i n u t e s .  A d e c r e a s e  t a k e s  p l a c e  f i r s t  in  t h e  F b a n d  m a x i m u m  a n d  m a i n l y  in  

t h e  v i c i n i t y  o f  330 n m .  T h e  m a x i m u m  of  t h e  r e m a i n i n g  b a n d  l ies a t  336 n m ,  
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Fig.  3. Absorption speetrum of OH-free NaCI(Ca) in the vaeuum UV region. X-irradiation 
(30 min) at RT, measurement at L[�9 
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Fig.  4. Absorption speetra of OH-free NaCI(Ca). X-irradiation and measurement at RT. 
a)immediatelyafter2 ruin X-irradiationib) after a short warming to 80 ~ e) aftersubsequent 

illumination with white light 

t h a t  is, a t  the wavelength  where a m a x i m u m  also appears in crystals X-  

i r radia ted at RT. Keeping the erystal  at  RT for 40 minutes causes the F" 
band  to disappear and the 336 nm band to deerease. This phenomenon  is 

similar to the previous one observed in erystals X- i r rad ia ted  at  I{T and warmed 
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F i g .  5. Absorption spectra of OH-free ~TaCI(Ca). X-irradiat ion at  - -80 ~ (30 min.), raeasure- 
ment  at LNT, a) immediately after X-irradiat ion,  b) after a short  warming to RT, c) after 

40 ruin at  RT 

to 80~ The only difference is tha t  the process takes place faster at 80~ 
and after the disappearance of the F" band the conversion of the 336 nm band 
into the 193 nm band can also be plainly observed. 

I I I .  4. In Fig. 6 the absorption spectrum of a crystal can be seen which 
was grown OH-free, then annealed and X-irradiated at  RT. Evaluation of the 
curves corresponding to increasing doses reveals tha t  in less colored crystals 
bands appear at 223 nm and 360 nm and the 193 nm band mentioned above 
grows considerably only at higher doses. Whether  the crystal is kept f o r a  few 
minutes in air of in ah inert atmosphere during annealing does not  affect the 
result. I f  an annealed crystal is X-irradiated after several days of recovery its 
behaviour becomes similar to tha t  of ah unannealed crystal. 

I I I .  5. Fig. 7 shows the absorption spectra of a NaCI(Ca) crystal grown 
in the traditional way and X-irradiated at RT for different irradiation doses. 
First, at a broad maximum, appears 350 nm, tLen the 193 nm band becomes 
more and more pronounced. An analysis of the curves shows tha t  the maximum 
at 350 nm consists of the previously observed 336 nm and 360 bands. According 
to our resuh, obtained here too, the 336 nm band decreases at RT mainly 
together with the F '  band, and after the disappearance of the lat ter  the de- 
crease becomes slower. 

I I I .  6. The peak positions and estimated half-widths of the 5 observed 
bands in the UV region ate summarized in Table I. We should like to point 
out tha t  the exact  determination of peak positions in the 300--400 nm range 

is impossible because of the overlapping of the F band, the comparatively 

small extinction constants and the great half-widths. The exact data of the 
193 nm band~ superposed on the rail of the/~ band similarly cannot be deter- 
mined. The data are given for LNT but  they ate not significantly different 
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Fig. 6. Absorption spectra of OH-free grown and annealed NaCI(Ca). X-irradiation andmeasure- 

ment at RT. Irradiation times: a) 3 ruin b) 6 min c) 10 min d) 15 ruin e) 25 ruin 
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Fig.  7. Absorpt ion spectra of ah NaCI(Ca) crystal air-gr•wn by the Kyropoulos method.  X 
irradiation and measurement at RT. Irradiation times: a) 3 ruin b) 6 ruin c) 15 min 

f rom RT da ta  which can be expla ined  b y  the  men t ioned  inaccuracy  and  b y  the  
fac t  t h a t  t hey  change only s l ight ly  with t e m p e r a t u r e .  

I I I .  7. By  examin ing  and  compar ing  the  absorp t ion  and  E S R  spec t ra  
the  330 n m  band  can be assigned to the  V~  centres  proposed  b y  HAYES and 
NIcr[oLS [7] and the  360 n m  b a n d  to the V~ centres  proposed  b y  KXNzIr [8]. 
E S R  signals were not  obse rved  in connect ion wi th  the  o ther  bands .  

I I I .  8. The bands  exhib i t  a measurab le  decrease a t  RT due to b leaching  
or to the  convers ion of the  corresponding centres.  F r o m  the init ial  p a r t  of  the  
decrease which can be considered to be exponen t ia l  we ob ta ined  da t a  on the  
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Table I 

Band maximum Half-width 
(nm , teu Li fe-t ime 

193 1 
223 1 

330 0.7 
336 0.7 

360 0.7 

> 1200 h 

~ 5 h  

< 0.5 ruin 

45 ruin 
~ 2 2 h  

mean life-time of the bands at RT (Table 1). The value given for the 336 nm 

band refers to the process related to the disappearance of the F '  band. After 

the disappearance of the F '  band  the life-time reaches 300 hours.  The values 
obtained for the 330 and 360 nm bands agree with those obtained from ESR 

spectra, t ha t  is, in our crystals the mean lif› of V~ centres is certainly 

less than  0.5 ruin and tha t  of Vp centres is about  22 hours. 

IV.  D i s c u s s i o n  

IV. 1. We a t t r ibute  all UV bands to V-type centres. I n  connect ion with 

this we should like to show tha t  nei ther  of the bands found between 300 and 

400 nm is identical  with the Z a band  due to intersti t ial  Ca + ions found by  
K. KOJIMA in addi t ively coloured NaCI(Ca) crystals  [9]. Our arguments  are 

the following: 
a) The m a x i m u m  of the Z a band  lies at  402 nm at LNT and we did not  

observe such a max imum.  
b) Were the Z a band  present,  the Z 2 band  should appear,  too. I ts  maxi-  

mum is at 474 nm on LNT and it widens the F band  on the long wavelength 

side. We did not  observe this either; t ha t  is, we found only the F '  band  on 

the long wavelength  side of the F band.  
c) We have shown tha t  the 360 nm band,  nearest  to the Z 3 band  is due 

to VF centres and the 330 nm band m a y  be a t t r ibu ted  to V~ centres. As was 

mentioned in I I I .  1 the 336 nm band  grows together  with the F band in the 
initial stage of colouration,  and since in this stage no other  band  is observable, 

it can be considered to be the V-type " p a r t n e r "  of the F band.  

d) I t  is wor th  ment ioning tha t  we did not  observe Z s and Z 2 bands even 
in the KCI(Ca) sys tem [1], where the V bands do not  overlap the Z s band.  

IV. 2. In  the following we deal with the models for the centres correspond- 

ing to the observed bands.  To s tar t  with,  the following can be s ta ted:  
a) In  the case of the zp?l ied i r radiat ion doses the observed bands are 

due to centres created mainly by  the conversion of defects a lready existing in 
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the  uncoloured crystal  (so-called first  stage of colourat ion).  Atoms or ions in 
in ters t i t ia l  positions ate no t  present  for any  considerable period. 

b) Owing to  the presence of Ca + + ions in the  OH-free  unannealed  crystals  
the  cat ion vacancy  concent ra t ion  is much higher  t h a n  the  anion v acan cy  con- 
cent ra t ion .  Some of the  Ca + + ions and the accompanying  cat ion vacancies  ate 
associated to each other ,  and the  other  p a r t i s  in a dissoeiated state ,  and in the  
proeess of  colour centre fo rmat ion  it  is mainly  the  l a t t e r  which take  p a r t  [10]. 
Most anion vacancies are p r e s e n t a t  RT in v a c a n c y  pa i r s .The  OH-free grown 
and annealed crysta l  differs f rom the unannea led  one in having a greater  
number  of  isolated vacancies.  The  increase in the  n u m b e r  of isolated vacancies  
is indicated  by  the  higher  ionic conduc t iv i ty  of annealed crystals ,  exceeding 
the  conduc t iv i ty  of unannea led  crystals b y  abou t  one order  of magni tude .  
In  crystals  grown in the t rad i t iona l  way  one pa r t  of the calcium forros molecular  
bonds [11, 12, 13] and in the  colourat ion i t  is main ly  the  vacancy  pa i r swhich  
p lay  ah act ive par t .  

c) We did not  observe V bands va ry ing  s imul taneously  p ropor t iona l ly  
with each other.  Therefore ,  we assume the de tec ted  f ive bands to be due to 
f ive different  centres.  

d) The  centres giving rise to the  observed bands  contain  only one of two 
holes t r a ppe d  by  two or th ree  halide ions. 

e) Based on the results of H. N. HERSCrr ob ta ined  on solutions [14] we 
assume t h a t  bands appear ing in the  300--400 n m  region ate due to  two- 
chlorine molecules or molecule-ions, and bands in the  v ic in i ty  of 200 n m  to 
three-chlor ine  ones. 

IV. 3. The V~ centre  giving rise to the  330 n m  band  and the  v~  centre  
responsible for the  360 nm one sat isfy the above condit ions.  The  V~ centre  is 
a <100> oriented Cl” molecule ion s i tuated in a v acan cy  pair.  I ts  " p a r t n e r "  
is ah F centre.  On the fo rmat ion  of a V~ centre  and ah F centre the n u m b er  
of cat ion vacancies in the  crys ta l  decreases b y  one. The  Vp centre  is also a 
Cl” molecule ion bu t  s i tua ted  in two anion and one cat ion vacaney  near ly  
<110> or iente& Its  " p a r t n e r "  is an F centre.  On the  format ion  of a Vp centre  
and ah F centre the numbers  of cation and anion ,~acancies bo th  decrease 
by  one. 

The  centre giving rise to the  336 nm band  is d iamagnet ic  and we assume 
ir to conta in  a C12 molecule. Such a centre m a y  be formed f rom the  V~ centre  
by  captur ing  a second hole. In  the following we denote  it  b y  V~,  where the  
"1"  subscr ipt  refers to the  relat ionship with the  V 1 centres observed in some 
pure crystals ,  which ate s table only at  quite  low tempera tures .  In  our  opinion 
the C12 molecule of the V~ centre  is s i tuated in a v acan cy  pair  <100> or iented 
and locally neutra l ;  ir is more  stable than  the V~ centre.  I ts  " p a r t n e r s "  ate 
e i ther  one F '  centre of two F centres.  On the  fo rmat ion  of a V~ centre  and ah 
F'  centre ,  only the number  of cat ion vacancies decreases b y  one, and on the  
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formation of a V~ centre and two F centres the number of anion vacancies 
decreases, too. 

Based on the above results and deduetions, the proeesses shown in Fig. 5 
can be explained in the following way. When the erystal is kept at RT fo ra  few 
minutes (eurve b) the unstable V~ centres ate destroyed by reeombination with 
F centres. A s a  result of further warming (eurve c) the F '  centres ate totally 
annihilated through reeombination with V1M centres. 

Let us note tha t  the ereation of VF and V~ centres aceompanied by the 
"par tner"  F centres equally reduces the number of anion and eation vaeancies. 
Compare now the formation of VF and V Ÿ  centres in OH-free grown annealcd 
erystals and in erystals air-grown by the Kyropoulos method. Though the 
anion and cation vaeancy eoneentrations ate high in both types of erystals, 
yet  in the initial stage of eolouration VF centres ate ereated in the former type 
and V~ centres in the lattš In our opinion the difference is related to the 
fact tha t  in OI-I-free, annealed crystals immediately after annealing mainly 
isolated vacaneies ate present while in a crystal grown in the traditional way 
the vacancies are assoeiated ones. In the first case eonditions ate favourable 
for the formation of VF centres, and in the second for the formation of V~ 
centres. In OH-free unannealed erystals, too, there ate assoeiated vaeancies 
present, therefore V~ centres ate also created here at the beginning of coloura- 
tion. But since the number of assoeiated pairs is eomparatively small, the 
eoncentration of V~ centres quickly approaehes a saturation value. VF centres 
appear in an observable number only at high doses, when we already reach the 
seeond stage of eolouration. 

Aceepting the above facts, the eoneentration of vaeaney pairs (anion 
vacancies) in the uncoloured erystals can be estimated in the given case from 
Fig. 1. Namely, this is the concentration at the moment when the V Ÿ  centres 
ate near their saturation value (curve c)and no other V-type centres ate yet  
present in a detectable quantity.  Caleulation gives the concentration of anion 
vacaneies in the given uncoloured erystal to be approximately 9 • 1015 cm -z, 
i.e. 8 • 10 -7 Mole/Mole. This value is high eompared with the RT equilibrium 
eoneentration. I t  is possible that  the eoneentration is increased by frozen-in 
anion vaeancies, but  neither do we exclude the possibility tha t  anion vaeancies 
ate brought into the erystal by some trace impurity. In the case of NaC1 even 
the purity of the starting material is about 8 X 10 -7 Mole/Mole. 

The centres giving rise to the 193 nm and 223 nm bands ate diamagnetie 
and in our opinion they contain CI~- moleculc ions. The first we denote by V2 M, 
beeause we think tha t  they ate ereated similarly to V~ centres in the KCI(Ca) 
system from V~ centres [1]. In the V~ centres the Cl” ion is situated in 2 
eation and 1 anion vacancy in the vicinity of 2 Ca + + ions. But we leave open 
the question, opcn in the literature, too [7, 10, 15, 16, 17], whether the Ca ++ 
is closely bound to the V~ and consequently to the V2 M centres of not. We con- 
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sider the  centres giving rise to the  223 nm b a n d  to be similar  to the  V 2 centres 
responsible  for the  223 n m  b a n d  observed in pure  NaC1 crystals .  Since V 2 
centres in the  pure  c rys ta l  a p p e a r  a t  the  beginning  of colourat ion,  i t  seems 
p robab le  to us t h a t  t h e y  are c rea ted  f rom vacancies  a l ready  exist ing in the 
crysta l .  Therefore  we consider the  V 2 centre to consist  of  a C13 molecule ion 
s i tua ted  in a 2 anion and  1 cat ion vacancy .  This  model  agrees wi th  t h a t  
sugges ted  prev ious ly  for V 3 centres [18]. In  our  opinion the  V 3 centre  is more  
p r o b a b l y  re la ted  to in ters t i t ia l ly  placed halogen,  which a s sumpt ion  is sup- 
por t ed  b y  harden ing  studies [15]. Both  the  V~ and V 2 centres m a y  be <100> 
or iented b u t  we th ink  t h a t  o ther  or ienta t ions  are also possible. 

The  model  cons t ruc ted  for the  V2 M centre  is suppor t ed  b y  the  experi-  
m e n t  men t ioned  in I l I .  2 concerning the fac t  t h a t  the  V~ centres m a y  be 
fo rmed  f rom V~ centres b y  t h e r m a l  ac t iva t ion ,  and  under  the  effect  of whi te  
l ight  m a y  be t r ans fo rmed  b a c k  into V~ centres.  Therefore ,  in our opinion the  
fol lowing t r ans fo rma t ions  m a y  possibly t ake  place:  

vŸ + F ~ v ~ + B ,  

2 V~ -+ V~  

and V ~ - .  -----]-+ V ~  + i+~. 

I n  eonelusion wc s u m m a r i z e  the observed  Vcent res  in Table  I I ,  indieat -  
ing the  posit ions of b a n d  m a x i m a  measured  a t  LNT,  the possible models  
and the  p robab le  or ien ta t ion  of the  centres.  A ques t i on -mark  denotes  models  
requir ing fu r the r  suppor t .  For  this purpose  luminescence and ionic eonduc t iv i t y  
m e a s u r e m c n t s  are under  w a y  and the  f i rs t  i n fo rma t ive  m e a s u r e m e n t s  indi- 
eate  t h a t  the  decreasc of ionic condue t iv i ty  is eaused b y  V~ centres.  

Table II 

Abs. max, 
Cent re  n m  

M I 330 V K 
V~ 360 

V Ÿ  336 

V~ 193 

V 2 223 

O r i e n t a t i o n  Poss ib le  m o d e l  

100 CI 2 in vacancy pair (-~Ca ++ ?) 
110 C12 in 2 anion vaeancy + 1 cation vacancy 

100? C12 in vacancy pair? 

100? CI 3 in 1 anion and 2 cation vacancy (+  2 Ca++)? 
100? C13 in 2 anion and 1 cation vacancy? 
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HCCYlE~OBAHHE V-I~EHTPOB, CTABHYIbHblX HPH 
I~OMHATHOI~I TEMHEPATYPE,  B KPHCTAJIYlAX NaCl(Ca) 

P. BOCINA n A. BATTEPHX 

P e 3 i o M e  

ABT0pbl Ha£ B NaCI(Ca) KpHCTammx, Heco~ep>I<amrix OH, no,~ ~e~CTnHeM 
peHTFeHOBCKOF00~Jlyq[~HH~t KpoMe V 2 130JIOCbl~ Haxo~n~efic~ B qHCTblX KpHcTaJ~~ax TO~e Ha 
223 HM, HORb~e noJ'ocbi nornomeHH~ Ha a~nnax BOJIH 3~0, 336 n 193 MM, IlpHqHCJleHHble HMli 
K VF'= V ~  n V~-r~eHTpaM (ByKaa r o6oa~aqaeTHa~nqHe JIByxBa.qeHTn0fi MeTaJlnttqecKofi 
npHMeC•, qTO‰ pa3JltlqaTb HX 0T COOTBeTCTBytOIHHX ReHTp0B qHCTOFO KpHcTaJ~Jm.) B cJIyqae 
O£ npH TeMnepaType - -80  ~ C ~a£ HoBa~ n0~oca Ha 330 HM H ‰ no~aaaHo, 
riTO ~Ta noJ~oca IIpOHCXOJ~IIT H3 vM-I~eHTp0B MoJleJIH llepeqHcJleHHbIX KeHTp0B H3Bs HCKJIIO- 
~ta~l VI M IteHTDOB, ~JlSt KOT0pblX aBT0pbl npe~JlaratoT M0~e.rlb. 
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